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SUMMARY 
Five l e v e l s  of a u t o p i l o t  complexity were flown i n  a s i n g l e  engine IFR 
s imula t ion  f o r  several d i f f e r e n t  IFR te rmina l  opera t ions .  A comparison w a s  
made of t h e  f i v e  l e v k l s  of complexity ranging from no-autopi lot  t o  a f u l l y  
coupled la teral  and v e r t i c a l  guidance mode t o  determine the  re la t ive b e n e f i t s  
vs. complexi ty/cost  of s ta te -of - the-ar t  a u t o p i l o t  c a p a b i l i t y  i n  t h e  IFR 
te rmina l  area. Of t h e  f i v e  l e v e l s  t e s t e d ,  t h e  heading select mode made t h e  
l a r g e s t  re la t ive d i f f e r e n c e  i n  decreas ing  workload and s impl i fy ing  t h e  
approach t a sk .  It w a s  a l s o  found t h a t  t h e  l a r g e s t  number of blunders  was 
de tec t ed  wi th  the  most h igh ly  automated mode. The d a t a  a l s o  showed t h a t ,  
r ega rd le s s  of t h e  a u t o p i l o t  mode, performance dur ing  an  IFR approach w a s  h igh ly  
dependent on the  type  of approach being flown. These r e s u l t s  i n d i c a t e  t h a t  
automation can be u s e f u l  when making IFR approaches i n  a high workload environ- 
ment, bu t  a l s o  t h a t  some d i s t u r b i n g  t r ends  are as soc ia t ed  wi th  some of t h e  
h igher  l e v e l s  of automation found i n  s ta te -of - the-ar t  a u t o p i l o t s .  
INTRODUCTION 
General a v i a t i o n  IFR ope ra t ions  have been inc reas ing  r a p i d l y  i n  t h e  pas t  
few years.  This  i n c r e a s e  i s  expected t o  cont inue  and estimates are t h a t  t h e  
number of opera t ions  w i l l  double w i t h i n  t h e  next  10 years .  
i nc reas ing  IFR a c t i v i t y  is a corresponding i n c r e a s e  i n  acc iden t s .  
Along wi th  t h i s  
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A review of i n c i d e n t  and acc iden t  d a t a  dur ing  IFR f l i g h t s 1 y 2  shows s e v e r a l  
areas where i n c i d e n t s  and/or  a c c i d e n t s  are most l i k e l y  t o  occur.  
i n  t h e  te rmina l  area, f o r  example, dur ing  approach and landing ,  i s  usua l ly  
a s soc ia t ed  wi th  one of t h e  h ighes t  i n c i d e n t  and acc ident  rates i n  s i n g l e  p i l o t  
IFR opera t ions .  1-4 
automation might h e l p  reduce p i l o t  workload and i n c r e a s e  t h e  s a f e t y  of t h e  
f l i g h t .  General a v i a t i o n  p i l o t s ,  e s p e c i a l l y  those  f l y i n g  s i n g l e  engine 
a i r c r a f t ,  however, have f r equen t ly  r e s i s t e d  purchasing an a u t o p i l o t  f o r  many 
reasons,  (complexi ty/cost ,  r e l i a b i l i t y ,  p i l o t  acceptance,  e t c ) .  It is  
suggested t h a t  a s imple low-cost p a r t i a l  c a p a b i l i t y  a u t o p i l o t  can f r equen t ly  
provide s u f f i c i e n t  b e n e f i t s  i n  an IFR environment t o  j u s t i f y  i t s  use ,  whereas, 
a complete h igh ly  automated a u t o p i l o t  may be undes i r ab le  o r  unaffordable .  
s tudy  compares relative b e n e f i t s  ve r sus  complexi ty/cost  of s ta te-of- the-ar t  
a u t o p i l o t  c a p a b i l i t y  i n  t h e  IFR te rmina l  area. 
IFR f l i g h t  
In  many of t hese  cases i t  appears  t h a t  some l e v e l  of 
This  
The paper r e p o r t s  on r e sea rch  comparing va r ious  l e v e l s  of a u t o p i l o t  
complexity flown i n  a s i n g l e  engine TFR s imula t ion  f o r  s e v e r a l  d i f f e r e n t  IFR 
approaches. The a n a l y s i s  r epor t ed  i n  t h e  paper r e p r e s e n t s  an  overview of t h e  
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Simulation Facility 
The tests were performed on the NASA Langley general aviation simulator. 
The simulator, flown in the fixed-base mode, was configured and programmed as a 
typical high wing single engine aircraft. 
the simulator. The cockpit was outfitted with typical basic aircraft instru- 
ments. In addition to these instruments, the following were also included: 
an ADF receiver, two NAV COM systems with corresponding CDI's, and a complex 
autopilot system. Figure 2 shows an inside view of the cockpit. The 
simulation also incorporated a video out-the-window visual presentation, a 
programmed navigational area encompassing the landing approaches flown, a 
realistic engine and airstream noise system, and a force feel wheel and 
column control loader. 
Figure 1 shows an outside view of 
The visual out-the-window scene was used for breakout and landing, 
weather permitting. The scene is a video presentation of a map model that 
encompassed a scaled area of approximately 4.4 km (2 .4  N miles) by 13.9 km 
(7.5 N miles).5 Although two airports were located in the scene, all 
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approaches w e r e  set up f o r  only one of t h e  a i r p o r t s .  However, t h e  second 
a i r p o r t  d i d  p l ay  an  unplanned p a r t  i n  some of t h e  tests. This  w i l l  be  d i s -  
cussed later.  Landing and t a x i i n g  can be accomplished wi th  t h i s  v i s u a l  
p re sen ta t ion .  
The programmed nav iga t ion  area on t h e  computer encompassed t h e  f i v e  
a i r p o r t s  used i n  t h i s  study. A l l  t h e  programmed NAV f a c i l i t i e s  dup l i ca t ed  t h e  
l o c a l  real-world NAV environment. A l l  r ad io  a i d s ,  magnetic v a r i a t i o n ,  e tc ,  
w e r e  included i n  t h e  s imula t lon .  The s imula t ion  d i d  no t ,  however, i nc lude  
some of t h e  anomalies a s soc ia t ed  wi th  t h e  s p e c i f i c  real world NAV i n s t a l l a t i o n  
(i .e. ,  s ca l lop ing ,  m u l t i p l e  g l i d e s l o p e  pa ths ,  etc).  
Method 
Five l e v e l s  of a u t o p i l o t  automation w e r e  t e s t e d .  The f i v e ,  i n  o rde r  of 
i nc reas ing  levels of automation, cons i s t ed  o f :  (1) no-autopi lot  (NA); t h e  
b a s i c  a i r c r a f t ,  (2)  wing l e v e l e r  (WL); t h e  'WL mode used i n  t h i s  s tudy d id  not  
have a cen te r ing  d e t e n t  on t h e  r o l l  command knob, ( 3 )  heading select  (HS); 
a course s e l e c t o r  d i r e c t i o n a l  gyro w a s  used i n  t h i s  mode, ( 4 )  heading select  
wi th  l a te ra l  NAV coupler  (HC); t h i s  mode included l a t e ra l  guidance f o r  bo th  
VOR and ILS naviga t ion ,  and (5) heading s e l e c t  w i th  la teral  NAV coupler  and 
a l t i t u d e  hold wi th  ver t ical  NAV coupler  (HAC); i n  a d d i t i o n  t o  t h e  prev ious ly  
discussed c a p a b i l i t i e s  t h i s  mode a l s o  included a choice  of p i t c h  a t t i t u d e  
hold,  a l t i t u d e  hold,  o r  v e r t i c a l  NAV guidance ( i . e . ,  g l ides lope  coupler ) .  
Five a i r p o r t s  and t h e i r  a s soc ia t ed  r a d i o  NAV a i d s  loca t ed  i n  t h e  gene ra l  
v i c i n i t y  of Langley Research Center w e r e  programmed and used i n  t h i s  s tudy.  
The types of approaches included two ILS approaches,  one VOR approach, one LOC 
BC approach, and one NDB approach, These approaches,  and o t h e r  p e r t i n e n t  
information,  are given i n  more d e t a i l  i n  t a b l e  I. 
The c e i l i n g  and v i s i b i l i t y  f o r  each d a t a  run wererandomly chosen from 
t h r e e  cond i t ions  predefined f o r  each of t h e  f i v e  approaches. They w e r e :  
(1) 15.2 m (50 f t )  c e i l i n g  and 0.8-km (0.5-mi) minimums f o r  t h e  given approach, 
(2)  publ ished minimums f o r  t h e  given approach, o r  (3 )  6 1  m (200 f t )  above c e i l i n g  
and double v i s i b i l i t y  of publ ished minimums f o r  t h e  given approach. A l l  t h e  runs 
were flown i n  moderate turbulence  (1.2 m/sec ( 4  f t / s e c ) )  and 20 k t  winds from a 
predefined d i r e c t i o n .  (See t a b l e  I.) 
Seven s u b j e c t s  w e r e  used i n  t h e  tests: Two NASA test p i l o t s  and f i v e  IFR 
r a t e d  p i l o t s  w i th  va r ious  levels of IFR and a u t o p i l o t  experience.  Each s u b j e c t  
f lew a t o t a l  of 27 d a t a  runs.  This included t h e  25 d i f f e r e n t  combinations of 
f i v e  a u t o p i l o t  modes and f i v e  d i f f e r e n t  approaches. The e x t r a  two runs  per  
s u b j e c t  w e r e  r e p e a t s  f o r  r e p l i c a t i o n  purposes. The o rde r  o r  p r e s e n t a t i o n  w a s  
randomly determined f o r  each p i l o t .  Simulat ion s e s s i o n s  w e r e  scheduled f o r  
2-1/2 hours  wi th  a 15-minute break halfway through t h e  sess ion .  Except f o r  
one s u b j e c t ,  no two s e s s i o n s  w e r e  on t h e  same day. Four t o  f i v e  s e s s i o n s  w e r e  
u sua l ly  r equ i r ed  t o  complete one p i l o t ' s  set of runs.  
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P r i o r  t o  making any d a t a  runs,  t h e  s u b j e c t s  w e r e  scheduled f o r  a s e s s i o n  
The approaches used f o r  
during which they were a b l e  t o  p r a c t i c e  a l l  a u t o p i l o t  modes u n t i l  they  w e r e  
s a t i s f i e d  wi th  t h e i r  performance wi th  t h e  a u t o p i l o t .  
d a t a  ( t a b l e  I) w e r e  no t  used i n  t h e  p r a c t i c e  se s s ions .  
TABLE I.- APPROACHES 
Ai rpor t  Runway Approaches Display Wind 
Norfolk, VA 5 ILS C D I  O9l0/2O k t  
At lan ta ,  GA 8 ILS CD I 225O/20 k t  
Newport News, VA 25 LOC/BC Qiolding) C D I  290°/20 k t  
Frankl in ,  VA 9 VOR C D I  332'/20 k t  
Wakefield, VA 20 NDB Fixed compass card  155O/20 k t  
Data Acquis i t ion  
The p i l o t i n g  t a s k  cons i s t ed  of f l y i n g  t h e  s p e c i f i e d  approach ( t a b l e  I),  
making t h e  requi red  p i l o t  r e p o r t s ,  and performing a s i d e  task .  The p i l o t  
r e p o r t s  w e r e  s p e c i f i e d  f o r  t h e  p a r t i c u l a r  approach being flown. The s i d e  t a s k  
w a s  a se l f -pac ing  ve loc i ty /d i s t ance / t ime  problem so lved  by us ing  a hand he ld  
E6B type  f l i g h t  computer. For t h e  s i d e  t a sk ,  t h e  s u b j e c t  would, upon h i s  
r eques t ,  be  given a problem. H e  would so lve  t h e  problem, when t i m e  w a s  
a v a i l a b l e ,  and r e p o r t  t h e  answer. The r ad io  communication system i n  t h e  
s imula tor  w a s  used f o r  t h i s  process .  The s u b j e c t  w a s  t o l d  t o  perform t h e  s i d e  
t a s k  only when it would n o t  i n t e r f e r e  wi th  o r  change t h e  q u a l i t y  of t h e  
approach being flown. The problems and answers f o r  each run w e r e  recorded. 
The p i l o t s  w e r e  g iven handouts which included a l l  f i v e  approach c h a r t s ,  
t h e i r  a i r c r a f t  l o c a t i o n ,  t h e  i n i t i a l  condi t ions  f o r  each approach, and t h e  
requi red  r e p o r t i n g  po in t s .  Table I1 shows t y p i c a l  i n i t i a l  cond i t ions  f o r  one 
of t h e  approaches.  
TABLE 11. - INITIAL CONDITIONS 
Newport News LOC BC Rwy 25 
A 1  t i tude  61 m (2000 f t )  
Heading 065 deg 
Airspeed 100 k t s  
Wind ve loc i ty*  20 k t s  
Wind d i r e c t i o n  290 deg 
*From 305 m (1000 f t )  t o  ground wind v e l o c i t y  goes from 20 k t s  t o  LO k t s .  
204 
TABLE 11.- INITIAL CONDITIONS (cont 'd )  
Newport N e w s  LOC BC Rwy 25 
Turbulence 







moderate (1 .2  m/sec ( 4  f t / s e c ) )  
day t i m e / c e i l i n g  and v i s i b i l i t y  as 
0 
110.1 m e  
116.9 m c  
342 deg 
375 kc 
s p e c i f i e d  
-- 
NOTE: U s e  tear drop e n t r y  
The i n i t i a l  cond i t i cns  pos i t ioned  t h e  a i r c r a f t  a t  a l o c a t i o n  where a f i n a l  
approach and landing  c l ea rance  would t y p i c a l l y  be  received f o r  t h a t  approach. 
A t  t h e  beginning of each day ' s  s e s s ion ,  t h e  s u b j e c t  w a s  given a p r a c t i c e  
run. A l s o ,  p r i o r  t o  each d a t a  run, t he  s u b j e c t s  were given s u f f i c i e n t  t i m e  t o  
review t h e  approach c h a r t ,  cond i t ions ,  and procedures.  They w e r e  then given 
an I F R  c l ea rance  and r epor t ing  p o i n t s  f o r  t he  approach and t h e  s imula t ion  w a s  
s t a r t e d .  The runs  w e r e  ended a f t e r  landing and r o l l o u t  o r  10 t o  20 seconds 
a f t e r  i n i t i a t i o n  of t h e  missed approach. 
The d a t a  taken dur ing  each approach cons i s t ed  of f l i g h t  t e c h n i c a l  e r r o r ,  
ground t r a c k  and p r o f i l e  p l o t s ,  p i l o t  workload r a t i n g  and comments, and s i d e  
t a s k  r e s u l t s .  
RESULTS AND DISCUSSION 
A review of t h e  d a t a  d i sc losed  s e v e r a l  events  and t r ends  a s soc ia t ed  wi th  
p i l o t  performance i n  f l y i n g  t h e  v a r i o u s  a u t o p i l o t  modes. 
a n a l y s i s  i s  based on p i l o t  comments, p i l o t  r a t i n g s ,  s i d e  t a s k  r e s u l t s ,  and 
ground t r a c k  and p r o f i l e  p l o t s .  I n  analyzing t h e  d a t a ,  i t  i s  necessary  t o  
cons ider  t h e  i n t e r r e l a t i o n s h i p  of s e v e r a l  of t h e  above d a t a  t o  f u l l y  under- 
s tand  t h e  r e s u l t s .  Resul t s  from a s i n g l e  source  of d a t a  can o f t e n  be 
misleading.  For example, t h e  s i d e  t a s k  r e s u l t s  are dependent n o t  on ly  on t a s k  
d i f f i c u l t y  but  a l s o  on t o t a l  t i m e  r equ i r ed  t o  complete t h e  approach, whereas 
t h e  t i m e  r equ i r ed  t o  complete t h e  approach i s  dependent on t h e  s p e c i f i c  
approach being flown, p i l o t i n g  technique i n  f l y i n g  t h e  approach, and t h e  
d i f f i c u l t y  of t h e  approach. Also, t h e  t o t a l  t i m e  t o  f l y  t h e  approach may be 
e i t h e r  longer  o r  s h o r t e r  i f  t h e  p i l o t  b lunders  o r  d e v i a t e s  from t h e  normal 
approach path.  
The fol lowing 
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The fol lowing d i scuss ion  inc ludes  a b r i e f  comparison of t he  f i v e  l e v e l s  
of a u t o p i l o t  complexity. This  is  followed by a d i scuss ion  of t h e  e f f e c t s  of 
t he  d i f f e r e n t  approaches. F i n a l l y ,  an  indepth d i scuss ion  of t rends ,  as 
r e l a t e d  t o  t h e  va r ious  l e v e l s  of automation, is  presented.  
Autopi lo t  Comparison 
Side  Tasks.- The s i d e  t a s k  r e s u l t s ,  f i g u r e  3 ,  i n  gene ra l  are representa-  
t i v e  of a l l  t h e  da ta .  
completed pe r  run dur ing  a l l  t h e  approaches f o r  a l l  t h e  s u b j e c t s  a t  each 
level of a u t o p i l o t  complexity. The upper and lower l i m i t  b a r s  r ep resen t  t h e  
maximum and minimum of t h e  averages of t he  ind iv idua l  s u b j e c t s  at  each l e v e l  
of a u t o p i l o t  complexity. I m p l i c i t  i n  us ing  a secondary t a s k  is t h e  assumption 
t h a t  t he  more d i f f i c u l t  t h e  t a s k ,  t h e  fewer problems completed, hence, t h e  
higher  t h e  workload a s s o c i a t e d  wi th  t h e  primary task .  A s  can be seen by t h e  
d a t a ,  t h e  workload tends  t o  decrease  ( increased  secondary t a s k  performance) 
as automation l e v e l  i s  increased.  S i g n i f i c a n t ,  however, i s  t h e  l e v e l i n g  o f f  
of t h e  workload f o r  automation levels g r e a t e r  than  t h e  HS mode. One 
i n t e r p r e t a t i o n  of t h i s  phenomenon is  t h a t  beyond t h e  HS mode t h e  s u b j e c t  
t r a d e s  o f f  the  workload a s soc ia t ed  wi th  f l y i n g  t h e  c o n t r o l  t a s k  f o r  t h e  work- 
load r equ i r ed  t o  monitor t h e  a u t o p i l o t ' s  c o n t r o l  of t h e  f l i g h t  task .  This 
r e s u l t s  i n  l i t t l e  n e t  d i f f e r e n c e  i n  primary t a s k  workload beyond t h e  HS mode. 
This f i g u r e  shows t h e  average number of  problems 
P i l o t  Workload Ratings.- F igure  4 shows a s i m i l a r  r e l a t i o n s h i p  wi th  
r e spec t  t o  s u b j e c t i v e  p i l o t  workload r a t i n g s .  A t  t h e  end of each run t h e  
s u b j e c t  r a t e d  t h e  primary t a s k  on a workload scale of 1 t o  7 wi th  1 des igna ted  
as t h e  easiest and 7 as t h e  ha rdes t .  It should be r e a l i z e d  t h a t  t h i s  type  of 
r a t i n g  technique t y p i c a l l y  produces a r e l a t i v e  workload r a t i n g  of d i f f i c u l t y  
r a t h e r  than an a b s o l u t e  workload r a t i n g .  The format of f i g u r e  4 is  s i m i l a r  
t o  t h a t  of f i g u r e  3 ,  i.e., f i g u r e  4 shows t h e  average workload r a t i n g  p e r  run 
during a l l  t h e  approaches f o r  a l l  t h e  s u b j e c t s  a t  each l e v e l  of a u t o p i l o t  
The upper and lower l i m i t  b a r s  r ep resen t  t h e  maximum and minimum 
of t h e  averages of t h e  ind iv idua l  s u b j e c t s  a t  each l e v e l  of a u t o p i l o t  
complexity. These r e s u l t s  tend t o  ag ree  wi th  t h e  s i d e  t a s k  r e s u l t s ,  i .e.,  
increased  automation decreases  workload. There i s  a l s o  a s l i g h t  l e v e l i n g  
o f f  of t he  workload beyond t h e  HS mode, bu t  i t  i s  n o t  as dramatic  as i n  
the  s i d e  t a s k  da t a .  
' complexity. 
, 
Ground Track Plots . -  F igures  5, 6 ,  and 7 show t y p i c a l  p i l o t  c o n t r o l  of 
f l i g h t  ground t r acks .  The t h r e e  ground t r a c k  p l o t s  shown are f o r  t h e  NA, WL, 
and HS a u t o p i l o t  modes. A l l  are f o r  t h e  At l an ta  ILS approach and w e r e  a l l  
flown by t h e  same sub jec t .  
f i g u r e  5. These f i g u r e s  i l l u s t r a t e  t h e  d i f f e r e n c e s  i n  t h e  frequency 
c h a r a c t e r i s t i c s .  The NA mode, f i g u r e  5 f o r  example, e x h i b i t s  two f requencies ;  
a high frequency wi th  low damping and a low frequency. A s  t h e  l e v e l  of 
automation inc reases ,  see f i g u r e s  6 2nd 7 ,  t h e  high frequency component 
decreases ,  i n  both ampli tude and frequency. This  r e s u l t s  i n  an apparent  
smoothing of t he  ground t r a c k  trace. This  smoothing t rend  w i t h  automation w a s  
c h a r a c t e r i s t i c  f o r  a l l  t h e  d i f f e r e n t  approaches flown i n  t h i s  study. 
An a l t i t u d e  p r o f i l e  p l o t  i s  a l s o  included i n  
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No-autopilot (NA) Mode.- I n  t h e  NA mode t h e  p i l o t  f lew t h e  b a s i c  a i r c r a f t  
without  a s s i s t a n c e  from any a u t o p i l o t  mode. The d a t a ,  inc luding  p i l o t  comments 
and r a t i n g s ,  show t h i s  mode t o  be t h e  most d i f f i c u l t  t o  f l y .  Typica l ly ,  t h e  
b igges t  problem i n  f l y i n g  t h e  NA mode w a s  h igh  workload (as measured by t h e  
s i d e  t a s k  and p i l o t  r a t i n g s )  and less p r e c i s e  f ly ing .  F igure  8 shows an 
example of t h i s  c h a r a c t e r i s t i c  f o r  t h e  Newport News LOG BC approach. The 
holding p a t t e r n  dur ing  t h i s  run  does not  conform t o  a t y p i c a l  pa t t e rn .  
t h e  ground t r a c k  of t h e  NA mode e x h i b i t s  r e l a t i v e l y  high frequency and low 
damping c h a r a c t e r i s t i c s .  
Also ,  
Wing Leveler (WL) Mode.- This  mode w a s  s l i g h t l y  easier than  t h e  
no-autopi lot  mode, bu t  some c h a r a c t e r i s t i c s  of t h e  mode were d isconcer t ing .  
Many of t h e  s u b j e c t s  found t h e  WL i n p u t s  d i s t u r b i n g  when t r y i n g  t o  c o n t r o l  
p i t ch .  
t he  p a r t i c u l a r  a u t o p i l o t , u s e d  i n  t h i s  s tudy d id  n o t  i nco rpora t e  a cen te r ing  
d e t e n t  on t h e  r o l l  command knob. This  l ack  of accu ra t e  cen te r ing  f r equen t ly  
r e s u l t e d  i n  t h e  a i r c r a f t  being i n  a s l i g h t  bank wi th  t h e  p i l o t  having t o  
con t inua l ly  make i n p u t s  t o  keep wings l eve l .  A cen te r ing  d e t e n t  i s  considered 
very d e s i r a b l e ,  e s p e c i a l l y  when f l y i n g  i n  turbulence.  An i n t e r e s t i n g  s i d e  
i s s u e  i s  t h a t  t hose  s u b j e c t s  n o t  i n t ima te ly  f a m i l i a r  w i th  t h e  WL mode 
commented t h a t  i t  took cons iderable  p r a c t i c e  t o  become comfortable wi th  t h i s  
mode. Even cons ider ing  a l l  t h e  above, however, a l l  p i l o t s  p re fe r r ed  t h i s  mode 
t o  t h e  no-autopi lot  mode. 
The c o n t r o l  wheel moving i n  r o l l  i n t e r f e r e d  wi th  p i t c h  inpu t s .  Also, 
Heading Select (HS) Mode.- The HS mode w a s  considered,  by t h e  s u b j e c t s ,  
t o  be much easier t o  f l y  than t h e  WL mode. Of t h e  f i v e  l e v e l s  of a u t o p i l o t  
complexity t e s t e d ,  t h e  HS mode w a s  found t o  make t h e  l a r g e s t  d i f f e r e n c e  i n  
decreas ing  workload and s impl i fy ing  t h e  approach task .  It w a s  a l s o  observed 
t h a t  t h e  workload, as measured by t h e  s i d e  t a s k ,  l eve led  o f f  f o r  t h e  HS, HC, 
and HAC modes ( see  f i g u r e  3 ) .  
Heading S e l e c t  w i th  Lateral NAV Coupling (HC) Mode.- The nex t  level of 
complexity, t h e  HC mode, w a s  considered somewhat easier than t h e  HS mode but  
not  by a l a r g e  margin. One i n t e r e s t i n g  po in t ,  however, i s  t h a t  i n  t h i s  mode 
no comments w e r e  made about r o l l  i n p u t s  i n t e r f e r i n g  wi th  t h e  p i l o t ' s  c o n t r o l  
of p i t ch .  These comments w e r e  made i n  t h e  WL and, t o  a lesser degree,  t h e  
HS modes. Thesemay be due t o  t h e  fewer inpu t s  requi red  i n  t h e s e  two la t ter  
modes. 
Heading Se lec t  w i th  Lateral NAV Coupling and A l t i t u d e  Hold wi th  V e r t i c a l  
NAV Coupling (HAC) Mode.- The most f u l l y  automated node t e s t e d ,  HAC, as exDected, 
w a s  somewhat easier t o  f l y  than  t h e  HC mode, bu t  aga in  not  by a l a r g e  margin 
over t h e  HC mode. In  a d d i t i o n ,  several problems a s soc ia t ed  wi th  t h e  HAC mode, 
e s p e c i a l l y  i n  a high p i l o t  workload environment, became apparent .  To a lesser 
degree some of t h e s e  problems a l s o  e x i s t e d  f o r  t h e  HC mode. This  w i l l  be  
d iscussed  later.  
Approaches 
I n  a d d i t i o n  t o  t h e  varying levels of d i f f i c u l t y  i n  f l y i n g  t h e  approach 
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t a s k  due t o  a given l e v e l  of a u t o p i l o t  automation, t h e  d i f f e r e n t  types of 
approaches were a l s o  found t o  b e  a f a c t o r  i n  d i f f i c u l t y  of f l y i n g  t h e  task.  
This  w a s  taken i n t o  cons ide ra t ion  i n  ana lyz ing  and comparing t h e  a u t o p i l o t  
data .  In  genera l ,  t h e  d a t a  show t h a t  t h e  ILS approach (LOC and GS) w a s  t h e  
easiest  t o  f l y .  The ILS d a t a  included t h e  runs  from both t h e  Norfolk and 
At l an ta  approaches. 
The Newport News LOC BC and Frankl in  VOR approaches were about t h e  same 
i n  o v e r a l l  t a s k  d i f f i c u l t y .  They w e r e ,  however, more d i f f i c u l t  than t h e  ILS 
approach. Some v a r i a b i l i t y  d id  e x i s t  f o r  t h e  two approaches from p i l o t  t o  
p i l o t  and from a u t o p i l o t  mode t o  a u t o p i l o t  mode. It i s  d i f f i c u l t  t o  make a 
po in t  t o  po in t  d i r e c t  comparison of t h e  two approaches due t o  t h e  d i f f e r e n c e  
i n  d i s p l a y  s e n s i t i v i t y ,  t h e  mental  gymnastics of r eve r se  sens ing ,  and t h e  
added t a s k  of ho ld ing  i n  t h e  LOC BC approach. 
The Wakefield NDB approach w a s  found t o  be  t h e  most d i f f i c u l t  by t h e  
ma jo r i ty  of t he  sub jec t s .  This  i s  p a r t l y  due t o  t h e  d i f f e r e n t  d i sp l ay  used 
i n  t h i s  approach, i.e., t he  t y p i c a l  ADF r e l a t i v e  bear ing  needle  on a f i x e d  
compass card.  This  lack of a computed, d i sp layed  e r r o r  f o r  t h e  des i r ed  pa th  
makes t h e  t r ack ing  t a s k  more d i f f i c u l t .  The p i l o t  must con t inua l ly  compute 
e r r o r  information mental ly ,  us ing  t h e  r e l a t i v e  bear ing  and DG information. 
The d i f f e r e n c e s  i n  d i f f i c u l t y  i n  f l y i n g  t h e  va r ious  approaches can, t o  a 
l a r g e  degree,  be r e l a t e d  t o  d i f f e r e n c e s  i n  d i s p l a y  format,  information,  and 
s e n s i t i v i t y  and t o  procedures.  
General Trends 
Several  d i s t u r b i n g  t r ends  w e r e  noted as t h e  level of a u t o p i l o t  automation 
w a s  increased.  In  genera l ,  an  increased  l e v e l  of automation tends t o  t ake  
t h e  p i l o t  ou t  of t h e  a i r c r a f t  c o n t r o l  loop. H e  becomes a manager of t h e  auto- 
p i l o t  func t ions .  The e f f e c t s  of t h i s  change i n  duty  appear t o  be emphasized 
i n  t h e  HAC mode. The s u b j e c t s  w e r e  more l i k e l y  t o  l o s e  t r a c k  of where they 
were i n  t h e  approach. It seemed t h a t  i n  monitor ing t h e  a u t o p i l o t  they would 
a s s o c i a t e  instrument  readings  wi th  t h e  a u t o p i l o t  func t ions  r a t h e r  than  t o  
s i t u a t i o n a l  awareness. Therefore ,  i f  t h e  a u t o p i l o t  func t ions  w e r e  e i t h e r  
set i n c o r r e c t l y  o r  i n t e r p r e t e d  i n c o r r e c t l y ,  t h e  s u b j e c t  would f r equen t ly  
perform t h e  wrong t a s k ,  th inking  t h a t  every th ing  w a s  normal. This  would 
f r equen t ly  lead  t o  an inc iden t  o r  blunder .  An example i s  shovm i n  f i g u r e  9 
(Frankl in  VOR approach, HAC mode). The run began wi th  t h e  a u t o p i l o t  set i n  
t h e  heading s e l e c t  mode. Af t e r  c ros s ing  t h e  VOR, a r i g h t  t u r n  t o  t h e  
outbound course  w a s  i n i t i a t e d .  A t  t h i s  p o i n t  t h e  a u t o p i l o t  w a s  switched t o  
omni coupler  t o  i n t e r c e p t  and t r a c k  t h e  outbound course.  However, t h e  s u b j e c t  
had neglec ted  t o  reset t h e  c o r r e c t  bear ing  on t h e  C D I .  Therefore ,  t h e  
a u t o p i l o t  r e in t e rcep ted  and t racked t h e  o r i g i n a l  bear ing  of t h e  C D I .  
Eventual ly ,  he r e a l i z e d  h i s  mis take  and set t h e  c o r r e c t  outbound bear ing .  
The a i r c r a f t  then took up a 45O i n t e r c e p t  pa th  t o  t h e  new bearing.  
f a i r  amount of t i m e  he  s t i l l  had no t  i n t e rcep ted  t h e  outbound course b u t  due 
t o  t h e  t i m e  i n t o  t h e  approach he decided t o  make a pseudo procedure t u r n  using 
heading select. A t  t h i s  p o i n t  i n  t i m e  he  a l s o  set i n  t h e  c o r r e c t  inbound 
heading on t h e  C D I .  
Af te r  a 
Upon completion of t h e  procedure t u r n  he  continued i n  
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heading select u n t i l  t h e  C D I  needle  came a l i v e .  H e  than s e l e c t e d  omni coupler  
and completed t h e  approach without  f u r t h e r  i nc iden t .  It i s  l i k e l y  t h i s  
i n c i d e n t  would not  have been de tec t ed  i n  t h e  real world. 
Another s u b j e c t  ( f i g u r e  10, Wakefield NDB approach, HAC mode) made h i s  
f i n a l  l e t  down on an outbound heading. 
approach without  ever r e a l i z i n g  h i s  mistake.  Another i n t e r e s t i n g  f a c e t  
r e l a t e d  t o  t h i s  run i s  the  f a c t  t h a t  t he  NDB a t  Wakefield i s  loca ted  on t h e  
a i r p o r t .  The missed approach should have been executed when, i f  i n  t h i s  case, 
t h e  NDB w a s  crossed. In f a c t  s e v e r a l ,  o therwise  normal, runs  w e r e  a l s o  flown 
a t  Wakefield i n  which t h e  missed approach w a s  executed p r i o r  t o  c ros s ing  t h e  
NDB inbound. It s e e m s  t h a t  t h e  s u b j e c t s  would t i m e  t h e i r  outbound l e g  and 
use t h i s  t i m e ,  r a t h e r  than t h e  NDB c ros s ing ,  t o  execute  t h e i r  missed approach. 
The 45O l e f t  headwind on t h e  inbound heading w a s  obviously a c o n t r i b u t i n g  
f a c t o r  i n  t h e s e  inc iden t s .  This  s i t u a t i o n  impl ies  a l a c k  of p o s i t i o n a l  
awareness. 
H e  l eve led  o f f  and made h i s  missed 
Severa l  o t h e r  comments about t h e  HAC mode are considered r e l evan t  a t  t h i s  
po in t .  A couple of s u b j e c t s  commented t h a t ,  whi le  f l y i n g  t h e  HAC mode, they 
had a tendency, a t  t i m e s ,  t o  f o r g e t  t o  perform t h e  s i d e  task .  Another s u b j e c t  
f e l t  t h a t  t h e  a l t i t u d e  hold and g l ides lope  coupler  could c r e a t e  a s a f e t y  i s sue .  
The p i l o t  can be  l u l l e d  i n t o  a f a l s e  sense of s e c u r i t y  o r  complacency with 
a l l  t h e  automatic  f e a t u r e s .  The problem appears  t o  be almost as i f  t h e  p i l o t  
t h inks  of t h e  a u t o p i l o t  as a c o p i l o t  and expec ts  i t  t o  t h i n k  f o r  i t s e l f .  H e  
a l lows himself t o  become completely engrossed i n  o the r  t a s k s  once t h e  a u t o p i l o t  
is  set .  Hence, he i s  f r equen t ly  l a t e  i n  r e s e t t i n g  new func t ions  o r  he may 
become confused as t o  exac t ly  where he i s  i n  t h e  approach and no t  reset a l l  
t h e  necessary func t ions  o r  con t ro l s .  S t i l l  another  s u b j e c t  commented t h a t  t h e  
more automated h i s  a u t o p i l o t  t h e  less he t r u s t e d  it. H e  s t a t e d  he had t r a i n e d  
himself t o  expect  and look f o r  problems of an i n s i d i o u s  n a t u r e  when us ing  
complex a u t o p i l o t s .  
The above comments agreed wi th  t h e  r e l a t i o n s h i p  of blunders  versus  
a u t o p i l o t  automation. 
d e t e c t a b l e  blunders.  
The HAC mode encompassed t h e  l a r g e s t  number of 
Remember a l s o  t h a t  t h e  type of approach w a s  a f a c t o r  on t h e  prevalence 
of i n c i d e n t s  o r  blunders ,  t h e  fewest exh ib i t ed  dur ing  t h e  ILS approaches and 
the  most dur ing  t h e  NDB approach. 
A t l an ta  ILS approach where t h e  s u b j e c t  go t  i n t o  a PI0 a t  t h e  middle marker 
and impacted t h e  ground. (The P I 0  c h a r a c t e r i s t i c  of ILS s e n s i t i v i t i e s  
a s soc ia t ed  wi th  t h e  middle marker has  been observed i n  independent work a t  
NASA LaRC.) The no-autopi lot  mode w a s  being used f o r  t h i s  run. The DH f o r  t h e  
approach w a s  61  m (200 f t )  above t h e  ground. However, t h i s  w a s  only one of two 
blunders  f o r  t h e  more than  70 ILS runs  flown. The second vas when the  s u b j e c t  
executed a missed approach a t  t h e  o u t e r  marker th inking  he w a s  a t  t h e  middle 
marker. The a l t i t u d e  a t  t h e  o u t e r  marker w a s  853.4 m (2800 f t ) ,  whereas a t  t h e  
middle marker i t  would have been 365.8 m (1200 f t )  . This  l a t te r  run w a s  flown 
wi th  t h e  HAC mode. 
One no tab le  except ion w a s  dur ing  an 
Severa l  o t h e r  i n c i d e n t s  o r  b lunders  no t  r e l a t e d  d i r e c t l y  t o  the  a u t o p i l o t  
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mode are worth mentioning a t  t h i s  po in t .  
approach e a r l y  f o r  t h r e e  of t h e  f ive  runs  he f lew on t h e  Newport News LOC BC 
approach. The wind f o r  t h i s  approach w a s  a 45O r i g h t  headwind t o  f i n a l  
approach. The s u b j e c t  s t a t e d  t h a t  he i n t e n t i o n a l l y  does n o t  use  repor ted  
winds i n  h i s  missed approach t iming. 
p o s i t i o n a l  d i s o r i e n t a t i o n  due t o  reverse sens ing  on t h e  CDI .  One s u b j e c t  
became so  confused he became l o s t  on one run  and had t o  abor t .  
One s u b j e c t  executed h i s  missed 
Another problem i n  LOC BC approach w a s  
The Frankl in  VOR approach demonstrated similar problems. I n  several runs,  
f o r  example, t h e  s u b j e c t s  overshot  t h e  outbound heading on t h e  approach 
course  by a f a i r l y  l a r g e  margin. Also, t h e  procedure t u r n  w a s ,  on several 
occas ions ,  cons iderably  l a r g e r  and ou t  of porpor t ion  t o  t h e  des i r ed  path.  
The approach had a 20 knot ,  4 5 O  t a i l  wind re la t ive t o  t h e  f i n a l  approach 
heading. This t a i l  wind apparent ly  a l s o  caused a l a r g e r  number of missed 
approaches. The s u b j e c t s  would n o t  compensate f o r  t h e  t a i l  wind i n  t h e i r  
approach t iming, would descend too slow, and breakout  beyond t h e  a i r p o r t .  
During t h e  Wakefield NDB approach two s u b j e c t s  landed a t  a second a i r p o r t  
which j u s t  happened t o  be p a r t  of v i s u a l  model. 
approximately 4.8 km (3 mi) from t h e  d e s t i n a t i o n  a i r p o r t  a t  about 0.8 km (0.5 
m i )  t o  t h e  l e f t  s i d e  of t h e  d e s i r e d  approach pa th .  F igure  11 shows t h e  
ground t r a c k  and p r o f i l e  p l o t s  of one of t h e s e  runs. The l o c a t i o n  of a 
second a i r p o r t  i n  t h e  v i c i n i t y  of t h e  d e s t i n a t i o n  a i r p o r t  w a s  not  planned as 
p a r t  of t h e  experiment. Therefore ,  t h e  s u b j e c t s  w e r e  n o t  prev ious ly  t o l d  
about t h e  l o c a t i o n  of t h e  second a i r p o r t .  This  i n c i d e n t ,  having occurred,  
however, emphasizes t h e  problem as soc ia t ed  wi th  a i r p o r t s  l oca t ed  i n  t h e  
v i c i n i t y  of each o the r .  
The second a i r p o r t  w a s  l oca t ed  
CONCLUDING REMARKS 
A t o t a l  of 189 IFR approaches w e r e  flown ontheNASA Langley gene ra l  
a v i a t i o n  s imula tor  t o  compare va r ious  l e v e l s  of automation of a u t o p i l o t  
systems. 
f i v e  levels of a u t o p i l o t  complexity. 
Seven IFR r a t e d  p i l o t s  f lew f i v e  d i f f e r e n t  a i rpo r t l approaches  wi th  
Of t h e  f i v e  levels of a u t o p i l o t  complexity t e s t e d ,  t h e  s u b j e c t s  r a t e d  
each l e v e l  of added automation t o  be somewhat easier t o  f l y  than t h e  previous 
l e v e l ,  except  f o r  one mode. This  mode, heading select, w a s  considered t o  be 
much easier than i t s  next  lower l e v e l  of automation. Al so ,  t h e  d a t a  show t h a t  
t h e  heading select  mode made t h e  l a r g e s t  d i f f e r e n c e  i n  decreas ing  workload 
and s impl i fy ing  t h e  approach task .  The most f u l l y  automated mode, which 
included a l t i t u d e  hold and ver t ical  nav coupl ing,  exh ib i t ed  some d i s t u r b i n g  
aspects, i.e., t h e  l a r g e s t  number of b lunders  w a s  de t ec t ed  wi th  t h i s  mode. 
Also,  t h e  s i d e  t a s k  r e s u l t s  showed no decrease  i n  workload from i t s  next  
lower level of automation. 
The d a t a  show t h a t  t h e  o v e r a l l  q u a l i t y  of performance during an approach 
w a s  h igh ly  dependent on the  type of  approach being flown. 
l o c a l i z e r ,  and g l ides lope  w e r e  found t o  b e  t h e  least d i f f i c u l t .  
l o c a l i z e r  back cour se  approaches w e r e  r a t e d  about  t h e  s a m e  i n  d i f f i c u l t y ,  
The ILS approach, 
The VOR and 
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bu t  were considered more d i f f i c u l t  than  t h e  ILS approach. The NDB approach 
w a s  considered t o  be t h e  most d i f f i c u l t  of those  t e s t e d .  
The r e s u l t s  of t h i s  s tudy  i n d i c a t e  t h a t  automation is  d e s i r a b l e  when 
making IFR approaches i n  a h igh  workload environment, b u t  a l s o  t h a t  some 
d i s t u r b i n g  t r ends  are as soc ia t ed  wi th  t h e  h igher  l e v e l s  of automation as 
p r e s e n t l y  implemented i n  s ta te-of- the-ar t  a u t o p i l o t s .  
however, t h a t  a b e t t e r  madmachine i n t e r f a c e  could alleviate t h e s e  problems. 
The d a t a  f u r t h e r  suggest  t h a t  t h e  heading select  mode may c u r r e n t l y  be  t h e  
b e s t  choice  f o r  t h e  IFR approach t a s k  when cons ider ing  both  b e n e f i t s  and cos t s .  
It i s  be l i eved  
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Figure 1.- Outside view of simulator. 
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Figure 3.- Average number of s i d e  t a sks .  
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Figure 4.- Workload r a t i n g s .  
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Ftgure 5.- Atlanta ILS appraoch. No-autopilot mode. ( N o t e :  1 ft = 9.3048 m.) 
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ligure 6.- Groundtrack Atlanta LLS approach. WL autopilot mode. 
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Figure 7.- Groundtrack Atlanta ILS approach. HS autopilot mode. 
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Figure 9.- Groundtrack Franklin VOR approach. HAC autopilot mode. 
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Figure 10.- Wakefield NDB approach. HAC autopilot mode. 
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Figure 11.- Groundtrack Wakefield NDB approach. HAC a u t o p i l o t  mode. 
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